The purpose of this study was to find the best cut-off value for the rate of change in temperature of the plantar surface of the foot for predicting the success of lumbar sympathetic block (LSB). A total of 185 LSBs were performed on 82 patients via a posterolateral approach under fluoroscopic guidance. Successful LSB was considered to have occurred when changes in the ipsilateral temperature between preblock and post-block were ≥ 2°C. A receiver operating characteristic (ROC) curve for the minimum rate of temperature change was constructed as a predictor of the onset of a successful LSB. The area under the ROC curve was 0.971 at the rate of 0.4°C/min with a sensitivity of 89.5% and a specificity of 91.8%. Achieving a rate of temperature change of 0.4°C/min within approximately 5 min of the injection of local anaesthetic could be used as an indicator of the onset of successful LSB.
Introduction
Lumbar sympathetic block (LSB) is a useful diagnostic, prognostic and therapeutic procedure that is used for various medical conditions involving the lower extremities. 1, 2 The procedure is performed by percutaneous injection of local anaesthetic around the lumbar sympathetic ganglia and results in temporary sympathectomy. 3 Even though spinal anaesthesia, epidural anaesthesia and peripheral nerve blocks also produce a sympatholytic effect, 4 differential blockade for sympathetic block using these procedures is very difficult. These procedures are, therefore, used less frequently for treating patients with chronic pain.
After injection of the local anaesthetic, the success of the LSB can be assessed by specific tests, such as thermography, plethysmography and laser Doppler flowmetry in addition to a test for sympathetic cholinergic fibre activity, because the LSB changes the blood flow via its vasodilatory effect on the blood vessels. 2, 5 Each test results in additional medical costs to the patient and additional time for evaluation by medical staff.
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Onset of lumbar sympathetic block correlated with skin temperature, monitoring changes in skin temperature is the most commonly used and effective technique that is applied during administration of a sympathetic block. 6 -9 The measurement of skin temperature is used for the evaluation of the effectiveness of the sympathetic block in most busy clinical settings.
Skin temperature measurement is considered to be an inexpensive, painless and sensitive method for measuring cutaneous blood flow. 10 Measuring temperature at the acral regions of the body, including the big and little toes and the plantar surface and dorsum of the foot, is particularly useful for indicating sympathetic tone because of the unique control of blood flow in these regions, which have a predominance of arteriovenous anastomoses. 2, 11 With vasodilatation after a sympathetic blockade, the skin temperature will approximate core body temperature. 9 In most cases of successful sympathetic block, a rise in skin temperature of ≥ 2°C is observed compared with the unaffected counterpart. 12 Since some investigators have considered different increases in skin temperature as signifying effective sympathetic block and have also only reported net results, 6, 8, 9, 13, 14 there are no guidelines as to the time that temperature assessment should be made to confirm successful sympathetic blockade. In addition, a cut-off value for the skin temperature that is indicative of successful sympathetic blockade has not yet been suggested. Thus, identifying the cut-off point for the onset of LSB would be helpful for both clinicians and patients
The primary aim of the present study was to find the cut-off value for the onset of LSB, with a temperature increase of ≥ 2°C on the plantar surface of the foot 20 min after injection on the injected side serving as the reference standard. The secondary aim of the study was to identify the rate of temperature change of the plantar surface of the foot around the onset of LSB in order to predict the time course of the LSB.
Patients and methods

PATIENT POPULATION
In this study, LSBs were performed in consecutive patients who were being treated for a variety of chronic inflammatory and neuropathic pain syndromes and other conditions at the Pain Centre, Seoul National University College of Medicine, Seoul, Republic of Korea, between February and August 2009. Those who were eligible for inclusion were classified as either level I or II according to the American Society of Anesthesiologists' Physical Status Classification, 15 and had no significant cardiac or pulmonary disease. Exclusion criteria included patients who were not willing to participate, those with allergy to local anaesthetic or contrast media, bleeding diathesis, or local or systemic infection, and those patients in whom it would be impossible to monitor foot temperature, for example previous foot amputation. The study protocol was approved by the Institutional Review Board of the Seoul National University Hospital and written informed consent was obtained from each patient.
PRELIMINARY OBSERVATIONS AND POWER CALCULATIONS
To avoid the influence of the ambient temperature, which was constantly maintained at 23°C, the patient was covered completely with a surgical drape. Only those areas of skin required for the procedure remained exposed. Ten normal healthy volunteers (seven males) were enrolled for preliminary observation. These healthy volunteers were assessed under the same conditions as for the patients but without the SY Park, FS Nahm, YC Kim et al. Onset of lumbar sympathetic block use of any anaesthetic. Skin temperatures of the bilateral plantar surfaces of the feet were monitored at 1-min intervals. Changes in skin temperature at the plantar surface of the foot were 0.15 ± 0.12°C/min in healthy volunteers until an equilibrium was established. Based on these findings, it was presumed that the skin temperature would be elevated by at least 0.2°C/min. This information was used to calculate that 82 patients would be required in order to detect a difference of 0.05°C/min between the feet with 90% power at the 5% significance level.
PROCEDURES
The LSBs were performed at the lower third of the L2 or the upper third of the L3 vertebra without any pre-medication. 16 Patients were placed in a prone position with a pillow under the lower abdomen and iliac crest to reduce lumbar lordosis, and their backs were covered with sterile drapes. A targeted lumbar vertebra was identified by anteroposterior fluoroscopic imaging (OEC ® 9800 Plus; GE Medical Systems, Salt Lake City, UT, USA) and the fluoroscopic C-arm was then adjusted 25 -35°laterally to avoid the transverse process over the needle pathway.
The skin entry point was infiltrated using 1% lidocaine. A curved 21-gauge, 15 cm Chiba needle (Cook Inc., Bloomington, IN, USA) was then advanced toward the anterolateral edge of the target lumbar vertebra under fluoroscopic guidance using the tunnel vision technique. 16, 17 After confirming the needle position with anteroposterior, lateral and oblique views, and verifying negative aspiration for blood or cerebrospinal fluid, 3 ml of iopamidol (Iopamiro ® , Bracco, Milan, Italy) was administered incrementally, followed by 10 ml of 0.25% levobupivacaine (Chirocaine ® , Abbott, Elverum, Norway).
TEMPERATURE MONITORING AND MEASUREMENT
As an index of the efficacy of sympathetic blockade, skin-surface temperatures were monitored with small, adhesive thermocouple probes (accuracy of ± 0.1°C) (Solar ® 8000M; GE Healthcare, Milwaukee, WI, USA) attached bilaterally to the plantar surface of the feet using transparent patches (Tegaderm™; 3M Health Care, St Paul, MN, USA). 2 The baseline temperature was obtained immediately after the sterile surgical drapes were put in place. Temperatures were measured at 1-min intervals and recorded automatically from the time of administration of the local anaesthetic onwards. 18 Assessments were continued for a maximum of 20 min. Several temperature parameters were defined: Taf, final temperature of the affected side; Tcf, final temperature of the counter side; Tai, temperature of the affected side when local anaesthetic was administered; Tci, temperature of the counter side when local anaesthetic was administered; Tab, basal temperature of the affected side when the patient was covered by surgical drapes; Tcb, basal temperature of the counter side when the patient was covered by surgical drapes; unilateral difference in temperature on the affected side (dTa) = Taf -Tai; unilateral difference in temperature on the counter side (dTc) = Tcf -Tci; and conventional bilateral difference in temperature (dT) = (Taf -Tai) -(Tcf -Tci). 2, 6 A successful sympathetic block after the LSB was considered when dTa was ≥ 2°C within 20 min after the injection of the local anaesthetic, otherwise the LSB was considered to have failed. 12
STATISTICAL ANALYSIS
Demographic data are presented as mean ± SD (range) or frequencies as appropriate.
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Parametric data were analysed using a paired t-test. For qualitative data, a χ 2 -test was applied. Comparisons of the changes in temperature of the plantar surface of the foot between dTa and conventional bilateral dT were made using a paired t-test to confirm the value of dTa as a reference standard. Correlations were tested using Pearson's correlation coefficient.
A receiver operator characteristic (ROC) curve was constructed using a maximum rate of increasing temperature as a diagnostic test for the onset of LSB to predict the outcome of skin temperature change (dTa ≥ 2.0°C). A ROC curve is a graph of true-positive rates (sensitivity) versus falsepositive rates (1 -specificity) corresponding to each possible cut-off point for a diagnostic test. All calculations were carried out using SPSS ® statistical package version 12.0 (SPSS Inc., Chicago, IL, USA) for Windows ® , including calculation of the data to draw the ROC curve and computations for the statistical analyses. Using the ROC curve as a base, a predictive model of the change in temperature was drawn around the onset of the LSB for 11 min from 1 min before the onset of the LSB. A P-value < 0.05 was considered to be statistically significant.
Results
A total of 185 LSBs were performed on 82 patients: 33 patients were studied for the diagnosis or treatment of complex regional pain syndrome (CRPS) type I, six for CRPS type II, 16 for post-traumatic syndrome, 10 for lumbar radiculopathy or spinal stenosis, four for peripheral neuropathy, nine for diagnostic work-up, and four had other diagnoses, including diabetic neuropathy, deep vein thrombosis, myofascial pain syndrome and post-herpetic neuralgia. Posttraumatic syndrome was diagnosed in those patients not covered by the criteria for CRPS from the International Association for the Study of Pain, 19 but who had similar Table 1 .
No complications were observed in any of the patients. A total of 124 (67%) of the LSBs were successful and 61 (33%) were unsuccessful. There were no significant differences between the successful and unsuccessful groups in terms of gender distribution or in the number of patients with LSB performed on the left or right side. These and other comparisons are shown in Table 2 .
The diagnostic performance of using the rate at which the skin temperature increased to determine the cut-off value for successful LSB is shown in Table 3 . When dTa ≥ 2°C was used as the reference standard, the best cutoff point was 0.4°C/min for the rate of skin temperature increase and the time to reach that point was 5.16 ± 3.25 min. The area under the ROC curve (AUC) was 0.971 at this cut-off point and the sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and accuracy were 89.5%, 91.8%, 95.7%, 81.2% and 91.9%, respectively ( Table 3 , Fig. 1 ).
Overall, there were eight false-negative cases and seven false-positive cases. In the false-negative cases, the mean ± SD time of onset of LSB was 3.75 ± 2.87 min. In six of the eight false-negative cases, their skin temperature at the time of injection of the local anaesthetic was too high (mean ± SD 33.48 ± 2.23°C); one had a late onset time and one seemed to be the result of a time measuring discrepancy. In the false-positive cases, the mean ± SD for dTa was 2.44 ± 0.51°C but the rate of temperature increase did not reach the cut-off value as the skin temperature only increased slowly during the observation period.
There were no statistically significant differences between dTa and conventional dT that were calculated as reference standards with respect to sensitivity, specificity, PPV, NPV and AUC ( Table 4 ). The intergroup correlation coefficient of the criteria of success was 0.825 between conventional dT and dTa, 
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but the mean dTc in the group of patients with conventional dT < 2°C was greater than for the other groups: the mean dTc for patients with dTa ≥ 2°C was 0.08°C compared with a mean dTc for patients with dTa < 2°C of -0.04°C; and the mean dTc for patients with conventional dT ≥ 2°C was -0.08°C compared with a mean dTc for the group with conventional dT < 2°C of 0.25°C. The change in temperature during the 10 
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min from the onset of LSB was obtained to predict the change in temperature until the plateau was reached (Fig. 2) . The maximum rate of change of skin temperature occurred 2 min after the onset of LSB and gradually declined thereafter until it reached a plateau.
Discussion
The main finding of this study was that the onset of successful LSB, based on a definition of dTa ≥ 2°C, was achieved at a cut-off for the rate of temperature increase of 0.4°C/min and the time to reach the cut-off point was 5.16 ± 3.25 min. At this cut-off point, the diagnostic performance based on ROC curve analysis was excellent (AUC 0.971). These results suggest that this method can be used to predict the outcome of LSB as early as 5 min after injection of the local anaesthetic with an accuracy of > 90%. This is considerably faster than waiting for an increase in skin temperature of ≥ 2°C to indicate success. 12 A study using the sympathetic skin response (SSR) as an early indicator of LSB showed a similar result to the present study, with SSR being able to identify a proper needle tip position for LSBs in 6 -7 min after injection of local anaesthetic. 20 Compared with conventional dT monitoring during LSB, 2,6 dTa demonstrated more reliable results in the present study due to the dTc measurements from the counter (untreated) side being higher than expected in some patients; several cases in which the skin temperature of both feet increased simultaneously were observed, which would have negatively impacted on the reliability of the conventional dT measurements. The intergroup correlation coefficient of the criteria of success was 0.825 between conventional dT and dTa, but the mean dTc in patients with a conventional dT < 2°C was greater than for the other groups: the mean dTc for patients with dTa ≥ 2°C was 0.08°C compared with a mean dTc for patients with dTa < 2°C of -0.04°C; and the mean dTc for patients with conventional dT ≥ 2°C was -0.08°C compared with a mean dTc for the group with conventional dT < 2°C of 0.25°C. 
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Onset of lumbar sympathetic block
These results suggest either the presence of communicating branches of the sympathetic chain or contralateral spread of the injectate through the paravertebral space. 21 As a result of the emissive factor of the skin being 0.98, 22 skin temperature might be influenced by surrounding factors, such as the temperature of the operating room and the length of time that the skin is exposed to the environment while the LSB is being performed. An initial drop in skin temperature at the plantar surface of the foot after LSB has previously been reported, 4 however, as in a previous infant study, 23 patients in the present study were covered with surgical drapes to minimize the effect of the surrounding environment and prevent this initial drop in skin temperature.
Limitations of the present study included non-randomization and the lack of a test for sympathetic nervous system activity, such as the sweat test. 6 Although the sweat test might be reliable for the determination of successful LSB, it requires additional time and increases the cost of evaluating the patient. In addition, a recent study using the sweat test, regarded as the gold standard for the diagnosis of cystic fibrosis, revealed its diagnostic performance as only borderline, with a PPV of 77.1% and a NPV of 54.8%. 24 In conclusion, the present study demonstrated that LSB can be considered successful if the rate of temperature change of the skin on the plantar surface of the foot reaches 0.4°C/min instead of waiting for the skin temperature to increase by ≥ 2°C. This study also demonstrated that using unilateral temperature monitoring was more specific and accurate than conventional bilateral monitoring. The temperature curve should show a sigmoid pattern through to equilibrium following the linear regression formula. If a rate of increase in skin temperature of 0.4°C/min is not achieved by approximately 5 min after injection of the local anaesthetic, we recommend that the needle position should be changed to a more favourable site in order to perform another injection to achieve LSB.
